Currently, 54% of the world's population live in urban areas, and this figure is expected to increase to 66% by 2050. Major cities and municipalities in the region rely either wholly or partially on groundwater. Four Asian cities, namely Bangkok, Bandung, Ho Chi Minh City, and Lahore, are selected for the study as their groundwater dependency is in the critical range of 45% to 100%. Therefore, this study aims to assess current and future climate, quantify changes in climatic drivers, analyse the vulnerability of groundwater recharge systems to such changes, and then formulate adaptation 
Background
Around two billion of the rural and urban population are using groundwater as the primary source of drinking water, accounting for roughly 32% of the total drinking water supply (Morris et al., 2003) .
Currently, 54% of the world's population live in urban areas, and this where it is also used by small-scale rural or town water supply systems.
For example, groundwater dependency is 70% for domestic and 60%
for industrial water demand in Bandung, Indonesia (2007 estimate; Tirtomihardjo, 2015) , 45%
in HCMC, Vietnam (2012 estimate;  groundwater since it is the major source of drinking water, and water for industrial and other commercial uses. The groundwater dependency of these selected cities ranges from 45% to 100%, and thus, assessment of groundwater vulnerability in the context of a changing climate is essential for sustainable groundwater management.
Objectives
The overall objective of this study is to assess the climate change impact on groundwater recharge and formulate adaptation strategies in four selected Asian cities. Specific objectives are to:
» assess the current and future climate and related trends in the selected Asian cities;
» assess the vulnerability of groundwater recharge systems to climatic change in those cities; and » formulate adaptation strategies for reducing the vulnerability of groundwater recharge to climate change.
METHODOLOGY

Study Areas
The selected four fast-growing cities in Asia consist of Bangkok, HCMC, Bandung, and Lahore ( Figure 1 ).
Addressing water shortage problems and pressure on groundwater use requires greater attention and decisive action in these cities. Not only is the increase in water demand posing stress on groundwater use but the adverse impact of climate change is also apparently taking place, resulting in groundwater depletion and groundwater-related problems. Understanding the impact of future climate on groundwater resources would facilitate effective water management in the four cities. This examines the physical science relating to climate change and hydrology using multiple modelling approaches. The four cities were selected for this research on the basis of their groundwater dependence, which ranges from 45 to 100%. billion USD, making up 21.7% of the total national GDP (Shrestha, Pandey, Thatikonda, & Shivakoti, 2016) . The present population of the city is 7.7 million, which has increased rapidly with a growing net emigration rate as well as increased urbanization, construction activities, and groundwater use. HCMC has a total of 257,216 wells with an extraction rate of 717,246 m
Lahore is the capital of Punjab Province in Pakistan.
It is the nation's second most populous city, with over 11 million people (Basharat, 2015) . The city lies on a river basin surrounded by agricultural lands and other relatively less crowded cities. As a rapidly developing metro- 
Methods and Data
The methodology used to assess the climate change impact on groundwater recharge consists of three parts:
(1) climate change analysis (CCA) for projecting the future climate of the cities; (2) groundwater recharge modelling based on future climate projections; and GCMs evaluated, they found ACCESS 1-0, CNRM-CM5, and MPI-ESM-LR to be among the "satisfactory" performing models in South East Asia. Brief information on the selected models is provided in Table 1 .
The hydrological models, Soil and Water Assessment These parameters are process-based and must be within a realistic uncertainty range (Arnold et al., 2012) . Sensitivity analysis was performed to determine the most sensitive parameters for a given watershed. Sensitivity analysis of the catchments was performed using the SWAT-CUP (SWAT Calibration and Uncertainty Programs) tool. The sensitive parameters were then used to calibrate the model against the observed discharge data.
Auto-calibration was then performed using SWAT-CUP followed by fine-tuning via manual calibration. Model validation was conducted to ensure that the model would be capable of accurate simulation using new sets of input data. Based on this hydrological calibration of the model, it was concurred that the spatially varied recharge output could also be validated. The efficiency of the model (NSE and R 2 ) was greater than 0.5 and hence considered to be satisfactory.
In the case of WetSpass, the initial groundwater levels were interpolated at each cell from the groundwater measurement stations to initialize the model. After model calibration, future bias-corrected climate data was input to obtain future groundwater recharge projections. Altogether there were eight probabilities for future groundwater recharge from four RCMs and two RCP
scenarios. An ensemble (average) between the RCMs was considered to be the representative projection for each RCP4.5 and RCP8.5.
RESULTS AND DISCUSSION
Annual Rainfall Trends
Annual rainfall trends are presented in In summary, Bandung future climate projections
show that the rainfall is going to decrease in the dry season and increase slightly in the wet. However, the overall decrease is negligible for RCP 4.5 and -3.5% for RCP 8.5. Similarly, future rainfall in HCMC might follow a downward trend. Projections show that the amount of rainfall is going to decrease in both the dry and wet seasons, by varying degrees under RCP8.5 (-4.2%) and RCP4.5 (-3.3%).
In contrast, Lahore future climate projections indicate that rainfall is going to increase significantly in the dry season and slightly in the wet. Average rainfall is likely to increase by 11 to 14.5% during the twenty-first century under RCP4.5 and RCP8.5, respectively.
For Bangkok, the average annual rainfall is going to increase in all periods under RCP8.5, except the 2050s.
The projected rainfall during the dry season under both RCP scenarios is going to increase; however, during the wet season, it is predicted to increase under RCP4.5 and decrease under RCP8.5.
Temperature Trends
The temperature in all four cities is projected to increase in line with future global temperature trends.
The maximum and minimum temperatures in the selected cities are presented in Figure 8 .
Maximum temperature trends for Bandung are
showing increasing trends in recent years. According to RCP4.5, there will be an overall increase of 1 °C by the end of the century, with a plateau in the 80s (compared to the 2005 value). Whereas, for RCP8.5, the overall increase will be almost 3°C by the end of the century, with continually increasing trends over the 20s, 50s, and 80s (compared to the 2005 value).
For HCMC, an upward trend in maximum temperature is indicated under both RCP4.5 and RCP8.5 compared to the historical period . The RCP4.5
predicted that the maximum temperature would rise by 1 °C by the end of the century, and by almost 2.5 °C under RCP8.5, with continuously increasing trends over the 20s, 50s, and 80s.
The historical trend of maximum temperature for
Lahore shows mixed patterns of decreasing and increasing trends, which are set to continue in the coming years.
There will be an overall increase in maximum temperature of 1.5 and 4.5 °C by the end of the century for RCP4.5 and RCP8.5, respectively. Maximum temperature shows possible variations in the 50s for RCP4.5. However, for RCP8.5 a consistent increase until the end of the twenty-first century is observed.
For Bangkok, the baseline period presents an increasing trend in recent years of 0.02 °C/year. According to RCP4.5, there will be increases of between 0.42 and 1.01 ºC during the 50s and 80s period, respectively and an overall decrease of 0.14 ºC during the 20s [compared to the baseline value of 33.28 °C]. Whereas, for RCP8.5, the overall increase will be 0.34, 0.37, and 1.77 ºC during the 20s, 50s, and 80s, respectively. Consequently, a constantly increasing trend can be observed in maximum temperature over the 20s, 50s, and 80s.
A summary of the comparative change in average annual rainfall and average annual maximum and minimum temperatures under RCP4.5 and RCP8.5 for the four cities is presented in Table 2 . The change in projected climate varies between the four project cities. Regarding rainfall, HCMC is going to see a greater decrease than in the past of around 3 to 4%. Bandung is also projected to receive less rainfall, especially according to the RCP 8.5 scenario. Whereas, Bangkok and to a greater extent Lahore, are expected to receive a boost in annual precip- As for temperature, Bangkok is observed to experience the least fluctuation from the baseline during the twenty-first century. Whereas, the three other cities are all expected to receive an increase in temperature in the range of +1.1 to +3.1 °C. However, minimum temperature was observed to be more affected by climate change compared to the maximum daily temperatures.
Groundwater Recharge Trends
The spatial and temporal variation in future groundwater recharge is presented in Figure 9 . A greater variability in groundwater recharge is expected for all cities in the future. The groundwater recharge in Bandung is projected to decrease by -2.9% and -10.0% based on RCP4.5 and RCP8.5, respectively. The larger proportion of the decrease is seen in the dry season with a -8.2 and -14.7% decrease in comparison to +2 and -5.6% fluctuations during the wet season for RCP4.5 and RCP8.5, respectively.
For Lahore, groundwater recharge is projected to increase by 82.9 and 74.1% based on RCP 4.5 and RCP8.5, respectively. The proportional increase is larger during the dry season at 99 and 87.3%, compared to 62.3 and 57% in the wet season for RCP4.5 and RCP8.5, respectively.
For HCMC, groundwater recharge is projected to decrease by -13.8 and -14.4% based on RCP4.5 and RCP8.5, respectively. The proportional decrease is larger in the dry season at -33.2 and -38.5% compared to -4 and -2% in the wet season for RCP4.5 and RCP8.5, respectively.
The groundwater recharge for Bangkok is projected to increase by 111 and 120% based on RCP4.5 and RCP8.5, respectively. The proportional increase is larger in the wet season at 154 and 162% under RCP4.5 and RCP8.5, respectively. Recharge during the dry season also shows a positive change, although to a lesser extent than in the wet season.
A summary of the changes in future groundwater recharge under RCP4.5 and RCP8.5 for the four cities is presented in Table 3 This is in line with the projected changes in rainfall for the four cities. However, in the case of Bangkok, the For Bandung and HCMC, the decrease in groundwater recharge is more severe in the dry season with the latter projected to suffer as much as a -38.5% decrease in recharge rates. In the case of Lahore and Bangkok, the rate of recharge increase is higher in the dry season for the former and lower for the latter.
Adaptation Options
A group discussion was organized on 8 and 9 Sep- An integrated approach was used to conduct this study.
Firstly, climate change in the cities was projected using four RCMs with future climate data input into the hydrological models to simulate future groundwater recharge.
An expert consultation workshop was organized to identify the adaptation options for managing groundwater recharge in the four cities.
The results of the study show that all four cities are expected to be warmer in the future. The highest increase (2.6 °C) in maximum temperature is expected for Lahore whereas the highest increase (3.1 °C) in minimum temperature is expected for Bandung under RCP8. of this study will be very helpful for groundwater managers in each city. However, a detailed socio-economic and environmental impact analysis is recommended to consider all adaptation options for implementation.
